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Abstract In epimastigotes of Trypanosoma cruzi, the etiologi-
cal agent of Chagas’ disease, arginine kinase activity increased
continuously during the exponential phase of growth. A
correlation between growth rate, enzyme-specific activity and
enzyme protein was observed. Arginine kinase-specific activity,
expressed as a function of enzyme protein, remains roughly
constant up to 18 days of culture. In the whole range of the
culture time mRNA levels showed minor changes indicating that
the enzyme activity is post-transcriptionally regulated. Arginine
kinase could be proposed as a modulator of energetic reserves
under starvation stress condition. ß 2001 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction
Arginine kinase (EC 2.7.3.3) belongs to a family of con-
served proteins with phosphotransferase activity, the guanidi-
no kinases, being creatine kinase the best-known member.
These kinases catalyze the synthesis of N-phosphorylated gua-
nidino compounds by the reversible transfer of a phosphoryl
group from ATP to an enzyme-speci¢c guanidino acceptor
[1]:
MgATP guanidino acceptorHP-guanidino acceptor
MgADPH
Phosphoarginine plays a crucial role as an energy reserve
because the high-energy phosphate can be transferred when a
renewal of ATP is needed. It has been proposed that phos-
phoarginine supports bursts of cellular activity until catabolic
events such as glycogenolysis, glycolysis and oxidative phos-
phorylation are switched on [1,2]. Guanidino kinases have
been reported widely distributed among metazoan organisms
[3], but only recently, we have presented the ¢rst description
of a guanidino kinase in a £agellar unicellular parasite: the
arginine kinase from Trypanosoma cruzi [4], the etiological
agent of Chagas’ disease in Latin America. T. cruzi arginine
kinase gene encodes a 357-amino acids polypeptide with a
deduced molecular weight of 40 201. The amino acid sequence
shows all the characteristic consensus blocks of the guanidino
kinase family, and a putative ‘actinine-type’ actin-binding do-
main [4].
In T. cruzi the relationship between arginine kinase activity
and energy requirements is a relevant and unresolved issue.
The most energy-demanding processes in trypanosomatids are
cell division, motility, stage di¡erentiation and host-cells in-
vasion [5]. Nutritional conditions during the T. cruzi life cycle
also impose restriction to energy availability. The parasites
support a wide range of conditions during its complex life
cycle. For example, in the mammalian host the trypomasti-
gote and amastigote stages bene¢t from a rather constant
environment, including a steady supply of glucose and amino
acids; on the contrary in the insect vector, the feeding status
determines variations in the availability of nutrients for the
epimastigote forms [6].
Taking into account these facts and the relevance of
N-phosphorylated guanidino compounds in energy-transfer
reactions, the present studies were thought as the ¢rst step
in the study of the arginine kinase regulation in relation to
changes in the composition of the culture medium during the
in vitro parasite growth phases.
2. Materials and methods
2.1. Reagents
Enzymes and molecular biology reagents were provided by Prom-
ega Corporation (Madison, WI, USA), other reagents were from Sig-
ma Chemical Co. (St. Louis, MO, USA).
2.2. Parasite cultures and cell extracts
Epimastigotes of the CL Brener strain, were cultured at 28‡C in
plastic £asks (25 cm2), containing 5 ml of LIT medium (started with
106 cells per ml) supplemented with 10% fetal calf serum, 100 U/ml
penicillin, and 100 Wg/ml streptomycin [7]. At the indicated times, cells
were counted using a hemocytometric chamber. Aliquots (0.1^1.6 ml)
were harvested by centrifugation at 1500Ug for 10 min and washed
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three times with phosphate-bu¡ered saline. Cell pellets were then re-
suspended in 50 mM HEPES bu¡er, pH 7.3, containing 0.01 mg/ml
leupeptin, 25 U/ml aprotinin, 0.5 mM phenylmethylsulfonyl £uoride
and 14 mM 2-mercaptoethanol, and lysed by six cycles of freezing in
liquid N2 and thawing at 4‡C. The extracts were then centrifuged at
10 000Ug for 10 min.
2.3. Arginine kinase assay
The incubation mixture contained 25 mM HEPES bu¡er, pH 7.3,
2 mM ATP, 5 mM magnesium acetate, 10 mM 2-mercaptoethanol,
1 mM L-[2,3-3H]arginine (NEN Life Science Products, Boston, MA,
USA; 0.5 WCi per assay), and enzyme source (8 Wg of protein), in a
total volume of 0.2 ml. Incubations were carried out 10 min at 30‡C,
and reactions were stopped by the addition of 1 ml of 25 mM HEPES
bu¡er, pH 7.3, containing 10 mM L-arginine and 5 mM EDTA (stop
bu¡er). The mixtures were then resolved by passage through a strong
anion exchange resin, AG 1-X4, 200^400-mesh chloride form (Bio-
Rad Laboratories, Hercules, CA, USA) mounted into 1-ml tulip col-
umns equilibrated with stop bu¡er. After loading the samples, the
columns were washed with 3 ml of 25 mM HEPES bu¡er, pH 7.3,
and eluted with 2 ml of 1 M NaCl [4].
Under the assay conditions enzyme activities were proportional to
incubation time and enzyme protein. No change in the kinetic param-
eters of arginine kinase has been observed in extracts from cell cul-
tures performed at di¡erent periods.
Experiments were carried out in three independent £ask cultures
from which three samples were taken at each indicated time for cell
counting and enzyme assay. Enzyme activities were expressed as Wmol
of [3H]arginine converted to [3H]phosphoarginine per min of incuba-
tion per mg of protein in the extract. Enzyme-speci¢c activities were
given as Wmol of [3H]arginine converted to [3H]phosphoarginine per
min of incubation per mg of enzyme protein. The latter was calculated
from data obtained from Western blots of each extract revealed with a
speci¢c anti-arginine kinase antibody (see below) referred to those
performed with homogeneous recombinant T. cruzi arginine ki-
nase. In studies of enzyme-speci¢c activities, as a function of growth
time, the amount of protein representing the same enzyme activity
(expressed as Wmol per min of incubation) was loaded in each gel
lane.
2.4. Western and Northern blot analysis
Procedures for SDS^PAGE of protein samples were performed as
described by Laemmli [8]. Polypeptides were electrotransferred from
polyacrylamide gels to Hybond-C membranes (Amersham Pharmacia
Biotech). Arginine kinase antiserum was obtained from female mice,
BALB/c strain, immunized by an intraperitoneal injection of 50 mg of
recombinant arginine kinase [4] plus 0.1 ml of incomplete Freund’s
adjuvant followed, 15 days later, by a booster intraperitoneal injection
of 50 mg of recombinant protein. After 15 days, mice were bled by
exposing the ocular cavity. For reaction with the antibody, the trans-
ferred membranes were blocked with a 5% (w/v) non-fat milk sus-
pension for 2 h. After incubation for 2 h with a 1:1000 dilution
of the mouse polyclonal anti-arginine kinase antiserum, detection
was carried out by incubating with a 1:2000 dilution of sheep anti-
mouse Ig conjugated with horseradish peroxidase (Amersham Phar-
macia Biotech). The latter was developed with the Renaissance
Western blot Chemiluminescence reagent plus (NEN Life Science
Products).
Total RNA, for Northern blot analysis, was isolated from 108 cells,
using the RNAgents/Total RNA isolation system (Promega, Madison,
WI, USA). Samples were electrophoresed on a 1.5% agarose under
denaturing conditions, transferred to a Hybond N+ nylon membrane
(Amersham Pharmacia Biotech) and hybridized with the radiolabeled
full-length arginine kinase gene as a probe [4].
Enzyme and mRNA levels were determined in three independent
experiments.
2.5. Analytical methods
Glucose and ammonia concentration of the media were estimated
using the reducing sugar [9,10] and indophenol colorimetric reactions
respectively (for details on this latter reaction, see: http://ecosys-
tems.mbl.edu/ARC/data_doc/ammonia.html). Protein was determined
according to Bradford [11]. Densitometric analysis of electrophoretic
bands was performed with the Scion Image software (http://
www.scioncorp.com).
3. Results
3.1. Arginine kinase activity along the parasites growth curve
Arginine kinase activity in T. cruzi epimastigote cells in-
creased continuously during the exponential phase of growth.
However, when the culture reached the late exponential phase,
the activity remained unchanged (Fig. 1A). Di¡erences in ac-
tivities between early and late exponential phases were higher
than seven-fold. The inset of this ¢gure shows the existence of
a high degree of correlation (y = 0.0036x, R2 = 0.95) between
growth rate and enzyme-speci¢c activity. In addition, maxi-
mum increase was observed between days 3 and 6 (three-fold).
In order to study whether some component of the media
in£uences the activity of arginine kinase, epimastigote cultures
from day 3 were incubated for 24 h in medium obtained from
parasites from day 9. An increase in the arginine kinase ac-
tivity up to day-9 levels was observed (data not shown).
3.2. Arginine kinase expression analysis
The level of enzyme protein was evaluated by Western blot-
ting in three independent cultures. A unique 40-kDa polypep-
tide band corresponding to the size of T. cruzi arginine kinase
[4] was observed along the growth curve. The increase in
Fig. 1. T. cruzi arginine kinase-speci¢c activity as a function of cell
growth. A: Soluble extracts from days 3 to 19 were assayed for ar-
ginine kinase activity as described under Section 2 (empty squares).
Solid circles indicate cell number. The inset shows the correlation
between arginine kinase activity and cell number (y = 0.0036x,
R2 = 0.95). B: Western blot analysis. SDS^PAGE of protein samples
(30 Wg) from days 3 to 18 were transferred and incubated with
1:1000 dilution of mouse polyclonal anti-arginine kinase antiserum.
Band quanti¢cation was performed by densitometry using the Scion
Image program (Scion Corp. USA).
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enzyme protein roughly resembled the increase in enzyme-spe-
ci¢c activity (Fig. 1B).
It is important to emphasize that arginine kinase-speci¢c
activity, expressed, as a function of enzyme protein, remains
roughly constant up to 18 days of culture. Values were 11.3,
11.0, 11.8, 13.4, and 10.1 Wmol of [3H]arginine converted to
[3H]phosphoarginine per min of incubation per mg of enzyme
protein for the 3th, 6th, 10th, 14th and 18th day of culture
respectively.
In order to establish if any transcription regulatory step was
involved in the determination of arginine kinase activity lev-
els, Northern blot analysis of total RNA population was per-
formed in triplicate cultures. mRNA levels in one of the cul-
tures showed minor variations during the whole range of
culture time (Fig. 2), suggesting that the arginine kinase
gene is not regulated at the transcriptional level.
3.3. Cell growth and culture medium conditions
In order to gather information on those cell culture param-
eters that may be involved in the regulation of energetic me-
tabolism and the possible in£uence on the arginine kinase
activity during T. cruzi growth, glucose and ammonia levels
as well pH variations were monitored. As it is shown in Fig.
3A, the exhaustion of the carbon source glucose, widely pre-
ceded the beginning of the stationary phase and the arrest of
the increase of enzyme-speci¢c activity. In addition, the excre-
tion of ammonia started coincidently with the diminution of
glucose concentration. This suggests that a shift from hydro-
carbon to nitrogen-containing carbon sources is operating
after the 6th day of culture. As expected, the pH of the me-
dium did not vary signi¢cantly during the ¢rst 3 days of
culture, but strongly decreased about 1.15 units, between
days 3 and 6 (Fig. 3B). This phenomenon could be attributed
to the excretion of succinate, lactate and acetate, characteristic
of the aerobic fermentation of trypanosomatids [12^14]. Over
the 6th day, the pH value increases linearly at about 0.1 pH
units per day, indicating the start-point of the oxidative me-
tabolism of amino acids (Fig. 3B).
4. Discussion
The present study reports the characterization of arginine
kinase levels from the protozoan parasite T. cruzi as a func-
tion of growth time. Enzyme activity and enzymatic protein
levels increased continuously during the exponential phase of
growth, the enzyme-speci¢c activity remained constant.
mRNA levels showed minor changes indicating a post-tran-
scriptional regulation. In addition, a clear correlation between
growth rate and enzyme activity was observed, as well as a
conditioned medium-dependent increase in the activity, fol-
lowed by a complete reset of the enzyme to basal levels after
each culture passage. These ¢ndings let us speculate that a
high cell density-derived nutritional condition such as ener-
getic stress or a yet to identify factor may up-regulate the
level of protein expression and the enzyme activity.
The discrepancies observed from days 14 to 18 between the
respective arginine kinase activities, that remain constant, and
the increasing enzyme protein levels, might indicate a post-
translational modi¢cation of the protein that reduce the en-
zyme activity.
In a time span of about 2 weeks of epimastigote cell growth
in liquid medium, two di¡erent nutritional conditions were
operative: during the ¢rst one glucose is consumed and the
medium pH decreased continuously. The second one took
place after the 6th day of culture and is characterized by
Fig. 2. Northern blot analysis of T. cruzi arginine kinase. Total
RNA (20 Wg) from days 3 to 18 was subjected to agarose^formalde-
hyde electrophoresis then, the transferred ¢lter was hybridized with
full-length arginine kinase gene as a probe. Ribosomal RNAs were
used as size markers and loading control. Band quanti¢cation was
performed by densitometry using the Scion Image program (Scion
Corp. USA).
Fig. 3. Analysis of culture parameters as a function of cell growth.
A: Glucose determination along the parasite growth curve. Glucose
concentration of the media from days 0 to 18 was estimated using
the Somogyi^Nelson method (empty circles). Solid circles indicated
cell number. B: Ammonia determination along the parasite growth
curve. Ammonia concentration of the media from days 0 to 18 was
estimated using the indophenol colorimetric reaction (solid circles).
Empty circles indicate the pH of the media.
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ammonia excretion and the increase of the pH in the medium.
This latter phenomenon is explained by the stimulation of the
oxidative metabolism of amino acids [13], which is parallel
with a signi¢cant increase of protease activities in late growth
phases [15].
Arginine kinase in the parasite T. cruzi is responsible for the
production of a high-energy phosphate reserve compound, the
phosphagen phosphoarginine [4]. Since synthesis of phospha-
gens is reversible, the same enzyme can degrade the com-
pound when ATP and/or arginine are needed. Moreover,
the requirement of arginine and other nitrogen-rich com-
pounds as alternative carbon sources during the late phase
of growth, explains the necessity to up-regulate arginine ki-
nase through its continuous synthesis [1,16].
In Trypanosomatidae the genome is organized in polycis-
tronic units that usually contain tandem repeats of the same,
or very similar, open reading frame, which are separated by
short intergenic regions [17]. Although transcription of these
units is constitutive, genes within a unit can show di¡erent
expression patterns [18]. The regulation of gene expression in
these organisms is mostly exerted at the post-transcriptional
level, including mRNA maturation, stability and translation
[19]. Consistently with these observations, transcriptional reg-
ulation of the arginine kinase gene was not detected in this
work; therefore, the up-regulation on the arginine kinase lev-
els in T. cruzi could be attributed to post-transcriptional reg-
ulatory mechanisms.
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